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ABSTRACT
The bond graph method proposes an approach for mathematical modeling of multi-domain systems by
considering various energy conversions. This modeling theory is practical for predicting system behaviors
besides investigating component operations with less computational time. Indeed, the modular view of the
bond graph enables integration of sub-systems and components with logical graphical representation. Fuel
cell systems as multi domains devices consist of auxiliary components and different physics such as
pneumatic, electrochemical, electrical, thermodynamics and heat transfer. Providing proper models that can
be utilized for investigating system performance with flexibility in configuration, integration, and size is
desired point for developing studies. The bond graph method as a powerful multiphysics modeling tool
facilitates fuel cell systems studies for further development of power systems in various applications. In
this article, the PEMFC system with auxiliary components is modelled by the bond graph method.
Keywords: Polymer Exchange Membrane Fuel Cell System, Fuel Cell Modeling, Bond graph modelling,
multi-domains system modeling
1

INTRODUCTION

Fuel cells directly produce electricity by chemical
reactions between hydrogen and oxygen as
reactants. These chemical reactions occur in the
stack within the membrane. Fuel cells are also
categorized based on electrolyte material, which
determines the operational conditions of the
system with specific temperature and pressure.
Among the fuel cell types, the PEMFC with
polymer electrolyte has a wide range of
applications in transporting and stationary due to
high efficiency, low operating temperature and
fast start-up time. The PEMFC generates
electricity by transferring protons among the
membrane. The electrons travel from out circuit to

produce electrical power in all fuel cell types. The
Fuel cell performance depends on the auxiliary
systems such as the air supply, the thermal
management and the hydrogen supply
(Pukrushpan, Stefanopoulou et al. 2004). The sub
systems affect the over all efficiency and transient
responses of the system.
Investigating the PEMFCs' behaviour as a
component in power systems for various
applications and conditions requires system level
fidelity models. Therefore, a system level model
for the fuel cells encompasses the sub-systems
interactions to provide a practical prediction of the
overall system performance. Moreover, fuel cell
systems contain various domains and physics in
the sub-systems. So, they are known as multi
domains systems.

Maleki Bagherabadi, Skjong, Pedersen

Fuel cells are usually modeled with three main
modelling strategies regarding the fidelity and
mathematical. High fidelity models are
implemented with computational fluid dynamic
(CFD) methods to investigate the stack behaviour
precisely (Dawes, Hanspal et al. 2009). The CFD
models can be used for designing and optimization
of the membrane flow channels and chemical
reactions with high computational efforts.
However, Empirical models utilize correlations
for the stack operational condition prediction with
less computational time and usually the control
volumes are assumed lumped (Chu, Jiang et al.
2000). Semi-empirical approaches consist of
algebraic and ordinary differential equations for
the system-level modeling purposes (Pukrushpan,
Peng et al. 2004). The elecrochemical
phenomenon are expressed by the empirical
relations and mechanical sub-systems behaviour
are captured by ordinary differential equations
based on physics. The fuel cells system level
models with real time capabilities are usually
utilized to design the controllers or design
optimizations
applications.
Hence,
the
computational time is an important parameter for
using the models in simulators.
The bond graph as a multi disciplinary modeling
strategy can be employed for the simulation of fuel
cell systems with various sub-systems (Vijay,
Samantaray et al. 2009). There are different energy
conversions in fuel cell systems, which the bond
graph capture them with power flow relations
besides unified graphical representation. Indeed,
the bond graph modular approach represents each
sub-system individually and its connections to
other components. The modelling approach
provides estimation of the model behaviour with
less computational time, which can be used for real
time simulation applications (Benchouia, Elias et
al. 2014).
This article presents the PEMFC model with
system level fidelity by the bond graph approach.
The main purpose is to present a modelling
approach of the PEMFC system with the modular
view of the sub-systems, which can be used for a
wide range of applications. Because the PEMFCs
have various power capacities, auxiliary system
configurations and various application in
stationary and transporting. This modular
approach make the model flexible for further
developments and adjustment with specific

configurations. The PEMFC system is divided into
sub-systems, which are modeled individually and
connected through proper power conversion
bonds. The model can be used for real time
applications in simulators and adjusted to the
specific PEMFC system power size and
configuration.
2

FUEL CELL SYSTEM

The PEM fuel cell system as is shown in Figure 1
consists of a compressor and manifolds for the air
supply, a hydrogen supply, a stack as the main
section and a thermal management. The air is
supplied by the compressor to the cathode and
hydrogen is provided to the anode by a high
pressure hydrogen tank. The chemical reactions
are exothermic and the stack temperature
increases. Therefore, the stack temperature is
controlled by the external cooling system to
maintain the system operation in high efficiency.

Figure 1: Schematic of the PEM fuel cell system
Among the auxiliary systems, the compressor
consumes the most power, which affects the
system efficiency. Also, the dynamics of filling the
air manifolds determines the system response. So,
the air supply system has a main role in the system
efficiency and dynamic responses.
The main PEMFC system sections for modelling
is shown in Figure 2 .The electrochemical stack
operation depends on the air and hydrogen
supplement. The gasses consumption and
supplement rate determine the pressure and the
temperature in the cathode and anode. Moreover,
the electrochemical reactions heat dissipation in
the stack and mass flows in the cathode and anode
are considered in the thermal section.
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Figure 2: physical domains

3

FUEL CELL MODELLING

the whole provided hydrogen is consumed. The
supplied air in the cathode consists of oxygen,
nitrogen and water vapor. A portion of the oxygen
supplied by the air sub-system is consumed and
the water vapor is produced. Therefore, the partial
pressures in the cathode are calculated in this
model.

2
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The PEMFC system is divided into sub-systems,
which are modeled individually and connected
with power conversions bonds. The main subsystem is the stack, the air supply, the hydrogen
supply and the thermal management. The bond
graph method is employed for modelling of this
system. The bond graph consist of basic elements
that are C (storage), I (induction), R(dissipation)
and TF (transferring). These elements are
connected with half arrow power bonds, which
shows the power flow direction. Each bond
consists of an effort and a flow. The causality of
effort and flow are determined by a bar on the
arrow. These bonds can be connected to the 0junctions as summation of the flows or 1-junction
as summation of the flows. The detailed
explanation of the bond graph can be found in
(Vasilyev, Andrews et al. 2017) .
3.1 Model assumptions
The model is based on the following assumptions:
•
•
•
•

Gas dynamics are based on ideal gas
relations and the thermal properties are
independents of the temperature.
The volumes are considered lumped.
Gas transport friction has been neglected.
The temperature is distributed uniformly
along the cells, the stack and the cooling
system.

3.2 Fuel Cell Stack Model
The heart of fuel cells is the stack as the schematic
is shown in Figure 3. In the stack, hydrogen gas in
the anodes is decomposed to positive ions, which
transfer through electrolyte. The electrons pass the
external circuit to satisfy the load (current). The
transferred protons to the cathode produce water
with the supplied oxygen from the air inlet. In the
anode side, pure hydrogen gas is supplied and the
outlet is usually dead ended. So, it is assumed that

2
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2

2

2
2

Figure 3: PEM stack
The stack voltage vst is expressed by Equation 1,
which consists of the reversible voltage E and
electrical losses. The electrical losses are
activation loss vact , ohmic loss vohm and
concentration loss vcon.
vst = E - vact - vohm - vcon

1

The reversible potential 𝐸 0 is determined by
Equation 2 based on the Gibbs free energy Δ𝐺 and
Faraday constant 𝐹.
𝐸 = 𝐸0 −

𝑅𝑇
0.5
𝑙𝑛 [𝑝𝐻∗ 2 (𝑝𝑂∗ 2 ) ]
𝑛𝐹

Δ𝐺
𝐸 =−
2𝐹

2

0

The Gibbs free energy for each species hydrogen,
oxygen and water is calculated by Equation with
3 chemical potentials 𝜇𝑖 , enthalpy Δℎ𝑖 and entropy
changes Δ𝑠𝑖 . The bond graph schematic of this
section is shown in Figure 4 .𝑅 is the gas constant,
reference pressure 𝑙𝑒𝑓𝑡(𝑝𝑟𝑒𝑓 = 101325𝑃𝑎) and
temperature 𝑇𝑟𝑒𝑓 = 298𝐾 . The entropy 𝑠𝑖0 and
enthalpy ℎ𝑖0 for the reference condition are also
summarized in Table 1.
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Δ𝐺 = 𝜈𝐻2 𝜇𝐻2

𝜇𝑖 = Δℎ𝑖 − 𝑇Δ𝑠𝑖
Δℎ𝑖 =
Δ𝑠𝑖 =

𝑝𝑂2
(1.8 × 10−4 𝑇𝑠𝑡 − 0.166) (
0.1173
𝑝𝑠𝑎𝑡 )

𝜈𝑂2 𝜇𝑂2 − 𝜈𝐻2 𝑂 𝜇𝐻2 𝑂
𝑅𝑇𝑙𝑜𝑔 (

ℎ𝑖0 (𝑇

𝑝𝑖
)
𝑝𝑟𝑒𝑓
3

− 𝑇𝑟𝑒𝑓 )

The produced heat from these chemical reactions
̇ is calculated by Equation 4.
𝑄𝑐ℎ
̇ = −Δ𝑠𝑖 𝑇𝑛𝑖̇
𝑄𝑐ℎ

0.5736)

Ohmic voltage

𝑝𝑖
𝑀𝑖 𝑐𝑝𝑖 𝑙𝑜𝑔 (
)
𝑝𝑟𝑒𝑓

𝑠𝑖0

(−5.8 × 10−4 𝑇𝑠𝑡

4

Table 1: Reference entropy and enthalpy
𝐺𝑎𝑠

ℎ0 ([𝐽/𝑚𝑜𝑙])

𝑆 0 [𝐽/𝑚𝑜𝑙 ⋅ 𝐾]

𝐻2

0

130.59

𝑂2

0

205.14

𝐻2 𝑂

-241820

188.83

The protons transferring from the anode to the
cathode through the membrane encounters a
resistance that occurs in any substance as ohmic
resistance. The ohmic resistance 𝑅𝑜ℎ𝑚 is
determined by Equation 7and dependent on the
temperature, the pressure and mostly on the
humidity of the membrane 𝜆 . The membrane
thickness is 𝑡𝑚 = 0.00125 m
(Pukrushpan,
Stefanopoulou et al. 2004).
𝑣𝑜ℎ𝑚 = 𝑖 ⋅ 𝑅𝑜ℎ𝑚
𝑅𝑜ℎ𝑚 =
𝜎𝑀 = (𝑏11 𝜆

𝑡𝑚
𝜎𝑀

𝑏12 )𝑒𝑥𝑝 (𝑏2 (

7
1
1
− ))
303 𝑇𝑠𝑡

3.2.1 Activation voltage
Concentration voltage
Portion of the reversible voltage is dedicated to
initiate the chemical reactions in the anode and the
cathode. This electrical loss is known as activation
loss, which is considerable on the low currents.
Activation loss occurs at the cathode surface and
anode surface but is negligible at the anode side
due to the fast reaction of hydrogen. The activation
loss in this model is calculated by Equation 5
(Pukrushpan, Peng et al. 2004) .The cathode
pressure 𝑝𝑐𝑎 , water vapor saturation pressure 𝑝𝑠𝑎𝑡
and the stack temperature 𝑇𝑠𝑡 are main variables in
the equation.
𝑣𝑎𝑐𝑡 = 𝑣0

𝑣𝑎 (1 − 𝑒 −𝑐1 𝑖 )

𝑣0 = 0.279 − 8.5 × 10−4
× (𝑇𝑠𝑡 − 298.15)

4.3085 × 10−5 𝑇𝑠𝑡

𝑣𝑐𝑜𝑛𝑐 = 𝑖 (𝑐2
5

𝑣𝑎 = −1.618 × 10−5 𝑇𝑠𝑡
1.618 × 10−2 (

𝑝𝑂2
0.1173

2

𝑝𝑠𝑎𝑡 )

The diffusion layer provides the required amount
of oxygen inside the cathode. In high loads, the
consumed oxygen increases significantly. If the
oxygen consumption rate overtakes the oxygen
supply rate, a sharp voltage drop occurs. This
voltage drop is due to lack of oxygen on the
diffusion surface, which is known as concentration
voltage. This electrical loss is expressed by
Equation 8 (Pukrushpan, Stefanopoulou et al.
2004)The partial oxygen pressure 𝑝𝑂2 affects the
electrical loss the most.

6

𝑖
𝑖𝑚𝑎𝑥

𝑐3

)

8

The electrical loss correlations are treated as
algebraic equations and modeled with R
components as shown in Figure 4 .The electrical
losses are subtracted from reversible voltage and
based on the energy conversion law are transferred
as a heat flux to the thermal section.
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𝑑𝜔𝑐𝑝
𝑝𝑠𝑚
𝐽𝑐𝑝
= 𝜏𝑐𝑚 − 𝜏𝑐𝑝 [(
)
𝑑𝑡
𝑝𝑎𝑡𝑚

𝛾−1
𝛾

− 1] 𝑚𝑐𝑝
̇
The pressure in the C elements as reservoir of
energy and mass are determined by the ideal gas
relation in Equation 10. The gas dynamics are
modelled by the pseudo bond graphs (Karnopp
1978) (Pedersen 2001).
𝑑𝑝 𝑅𝑎 𝑇
(𝑚𝑖𝑛
=
̇ − 𝑚𝑜𝑢𝑡
̇ )
𝑑𝑡
𝑉
Figure 4: Electrochemical
implementing

bond

graph

The air supply consists of the compressor,
manifolds, and the cathode. This sub-system
provides the required oxygen to the stack from
supplying pressured air. The compressor
consumes a significant amount of power compared
to other auxiliary components. In addition, the
inertia of the compressor and air filling of the
manifolds and the cathode determine the system
transient responses. Therefore, the consumed
power by the compressor is considered in the
system efficiency and dynamics.
The air supply bond graph implemented as shown
in Figure 5. The compressor is controlled by a
voltage signal and the pressure and mass flow rate
relations are based on a real compressor map
(Pukrushpan, Stefanopoulou et al. 2004).
The compressor motor torque 𝜏𝑐𝑚 , the mass flow
rate 𝑚𝑐𝑝
̇ and the air pressure are obtained by
Equation 9. The compressor electrical constant
parameters are given in Table 2 (Pukrushpan,
Stefanopoulou et al. 2004).

𝑘𝑡
(𝑣 − 𝑘𝑣 𝜔𝑐𝑝 )
𝑅𝑐 𝑚 𝑐𝑚

The mass flow rate in the cathode inlet valve due
to less pressure difference is estimated linearly by
Equation 11.
𝑚𝑠𝑚
̇ = 𝑘𝐶𝑎𝑖𝑛 (𝑝𝑠𝑚 − 𝑝𝑐𝑎 )

3.3 Air supply modeling

𝜏𝑐𝑚 = 𝜂𝑐𝑚

10

11

The cathode pressure 𝑝𝑐𝑎 is summation of the
partial pressures of oxygen 𝑝𝑂2 , nitrogen 𝑝𝑁2 and
water vapor 𝑝𝐻2 𝑂 as shown in Equation 12.
𝑝𝑐𝑎 = 𝑝𝑂2

𝑝𝑁2

𝑝𝐻2 𝑂

12

The pressure in the return manifold is calculated
by Equation 13, which is implemented by a C
element.
𝑑𝑝𝑟𝑚 𝑅𝑎 𝑇𝑟𝑚
=
̇
− 𝑚𝑟𝑚,𝑜𝑢𝑡
̇
(𝑚𝑐𝑎,𝑜𝑢𝑡
)
𝑑𝑡
𝑣𝑟𝑚

13

The mass flow rate in the return manifold due to
high pressure difference is estimated by non-linear
that can be found in the reference(Pukrushpan,
Stefanopoulou et al. 2004).
Table 2: Compressor parameters
𝐼𝑡𝑒𝑚 Description

Unit

𝛾

Air ratio
specific heat

-

𝐶𝑝

Air specific
heat in
constant
pressure

𝑗 ⋅ 𝑘𝑔−1
⋅ 𝐾 −1

9

Value
1.4
350
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𝑘𝑣

Motor
constant

𝑉/(𝑟𝑎𝑑/𝑠)

0.0153

𝑘𝑡

Motor
constant

𝑁
− 𝑚/𝑎𝑚𝑝

0.0153

𝐽𝑐𝑝

Compressor
and motor
inertia

𝑘𝑔 ⋅ 𝑚

2

5 × 10−5

Figure 7 : Bond graph implementation of the
thermal management

Figure 5 : Air supply implemented by bond
graph

̇
The produced heat by the chemical reactions 𝑄𝑐ℎ
̇ and sensible heat 𝑄𝑠𝑒𝑛𝑠
̇
and the over voltages 𝑄𝑜𝑣
are involved in the heat transfer equation of the
stack in Equation 14.
𝑀𝑠𝑡 𝐶𝑝,𝑠𝑡

3.4 Thermal management and cooling system
The PEMFC has a specific temperature operating
range of ( 60 − 80 ∘ 𝐶 ),which due to safety and
efficient operation should be maintained in this
range. The dynamics of temperature variations are
in order of minutes and the consumed power as an
auxiliary component are neglected. The thermal
system as shown in Figure 6 consists of a working
cooling fluid, a pump, a radiator and a fan. In this
work, the control parameter to adjust the stack
temperature is the pump mass flow rate. The bond
graph implementation is shown in Figure 7.

𝑑𝑇𝑠𝑡
̇
= −(𝑄𝑐ℎ
𝑑𝑡

̇
𝑄𝑜𝑣

̇ )
𝑄𝑠𝑒𝑛𝑠

14

The sensible heat of the anode 𝑄𝑎̇ , the cathode 𝑄𝑐̇
̇ are determined by
and the cooling system 𝑄𝑐𝑠
Equation 15.
̇ = 𝑄𝑎̇
𝑄𝑠𝑒𝑛𝑠

𝑄𝑐̇

̇
𝑄𝑐𝑠

15

The cooling system performance to reduce the
stack temperature is dependent on the pump mass
flow rate 𝑚𝑊
̇ for circulating. The thermal relation
for the cooling water is expressed as Equation 16.
In this work, the outlet temperatures 𝑇𝑜𝑢𝑡 of the
cooling system is considered constant. It means
the only control parameter for the stack
temperature is the pump mass flow rate.
̇
𝑄𝑠𝑒𝑛𝑠,𝑊
= 𝑚𝑊
̇ 𝐶𝑃,𝑊 (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 )

16

The outlet temperature is determined by Equation
17 with logarithmic mean temperature difference.
The thermal parameters are from reference (Vasu
and Tangirala 2008).
Figure 6 : Cooling system section schematic
𝑇𝑜𝑢𝑡 = 𝑇𝑠𝑡 − 𝑒𝑥𝑝 (𝑙𝑛(𝑇𝑠𝑡 − 𝑇𝑖𝑛 )
ℎ𝑤 𝐴𝑊
−
)
𝑚𝑊
̇ 𝐶𝑝,𝑤

17
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3.5 Hydrogen storage and regulator
modelling
The high pressure hydrogen tank and the regulator
is simplified due to their fast responses to the
actuated signals. The hydrogen storage is
considered ideal source with adjustable pressure,
which is tuned by a signal from cathode pressure
as shown in Figure 8.

In the second step, the voltage transient responses
have been compared with (Pukrushpan,
Stefanopoulou et al. 2004) by the same load and
the compressor voltage. There is acceptable
agreement among the obtained results and the
reference. The voltage responses, the load and the
compressor voltage signals are shown in Figure
10.

Figure 8 : Schematic of the hydrogen supply
sub-system by the bond graph
The model is implemented in 20 sim as a bond
graph solver.
4

RESULTS AND DISCUSSION

In the first step, the polarization curve is validated
with the reference (Pukrushpan, Stefanopoulou et
al. 2004) as is shown in Figure 9. The polarization
curve demonstrates the voltage regarding the
applied load. The cathode air pressure affects the
polarization curve significantly. Because the
higher partial oxygen pressure reduces the over
voltages. Hence, adjusting the cathode pressure by
considering the compressor efficiency obtains the
optimum operation point of the system.

Figure 9: Polarization curve with two cathode
operating pressures

Figure 10: The voltage dynamic responses
regarding the applied loads and the compressor
voltage signals
In Figure 10, the compressor voltage signals
follow load steps until t=15 s. Therefore, as it is
shown in Figure 11 the oxygen excess ratio
defined as the consumed oxygen to the supplied
oxygen which is maintained constant. At t=18 s
there is step in the compressor signal voltage but
no changes in the load. Thus, the oxygen partial
pressure increased due to mass accumulation in the
cathode. Moreover, at t=24s the step load is
applied but no voltage signal to the compressor, as
a result the oxygen pressure decreased. In Figure
11from t=18 s to t=26 s the compressor mass flow
rate is constant but there is variations in the oxygen
partial pressure due to accumulated mass in the
cathode, which shows the importance of the partial
pressure calculations in the cathode.
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Figure 12: Electrical losses with the applied
load for the dynamic validation

Figure 11: Air supply system performance,
partial oxygen pressure is calculated based on
the compressor mass flow rate and the
consumption, the oxygen excess ratio shows
oxygen consumption to the supplied
The over voltage behaviours regarding the applied
loads are shown in Figure 12. The activation loss
depends on the partial oxygen pressure. Hence,
during the load increment the partial oxygen
pressure is increased. As result, the activation loss
is decreased. The ohmic over voltage has linear
behaviour to the current and less dependency to
the partial oxygen pressure. However, the ohmic
loss is affected by the humidity and in this work
the humidity of the membrane is considered ideal
and 100%. Hence, there is no significant variations
to the ohmic loss. The concentration over voltage
is predominant in the high current densities and
even in low loads it can be neglected. Also,
operation in the high current loads is avoided in
the real cases due to less efficiency.

System efficiency and the stack efficiency are
shown in Figure 13. There is a considerable
difference between these two parameter. The
compressor as an auxiliary component consumes
part of the produced power by the stack. So, part
of the produced power is dedicated to the air
supply system to provide the stack condition for
the main power producing. The system efficiency
is the performance that is expected from a PEMFC
system as power source in power systems. There
is a significant discrepancy in the low current due
to constant initial power consumption by the
compressor and the low produced power by the
stack. In the higher current the produced power by
the stack increases and this discrepancy decreases.
In the efficiency calculations of the fuel cells the
power consumption by the auxiliary components
should be considered.

Figure 13: Comparison of the system efficiency
and the net efficiency
5

CONCLUSION

In this work, the model of the PEMFC system by
the bond graph method is presented with real time
capabilities.
The main emphasis was on the modeling of
auxiliary systems and connections besides the
stack modelling. Because the PEMFC system
performance is dependent on the sub-systems.
Hence, the system is divided into four sections as
the air supply, the hydrogen supply, the stack and
the thermal management. The electrochemical
reactions in the stack are modelled by empirical
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relations. However, the sub-systems and the gas
dynamics in the stack are modelled based on
physics. The air supply system is more complex
than the hydrogen supply system because of the
compressor and the manifolds. The air supply
affects the PEMFC system from a system
efficiency and dynamic responses point of view.

The bond graph approach proposes a modular and
flexible strategy for modelling multi disciplinary
systems. Each section or sub-system can be
modelled individually and connected through
power conversion bonds to other sub-systems,
which is practical in multi physics systems. For
instance, in this model the air supply system
begins with a voltage signal to produce torque in
the compressor until partial pressure calculations
in the cathode. Afterward, it is connected to the
electochemical section by the pseudo bonds. It
contains various physics, which are implemented
and also represented graphically. In addition, the
less computational time facilities utilizing the
model in simulators and design optimization
problems.
The system efficiency is compared with the stack
efficiency, which shows the effect of auxiliary
systems on the PEMFC performance. Moreover,
dependency of the voltage dynamics is discussed
regarding the compressor signals and the partial
oxygen pressure. Since, in hybrid power systems,
the PEMFC system efficiency and dynamic
responses are important parameters to be
considered. In the end, the model can be utilized
for simulator applications with real time
capabilities and various configurations of the
auxiliary systems due to the modular approach of
the bond graph.
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